Neuroendocrine tumours (NET) of the lung are divided in subtypes with different malignant potential. The first is the benign or low-grade malignant tumours, well-differentiated, called typical carcinoids (TC) and the second is the highgrade malignant tumours, poorly differentiated of small (SCLC) or large cell type (LCLC). Between these tumour types lies the well-differentiated carcinoma with a lower grade of malignancy (WDNEC). In clinical routine it is very important with regard to prognosis to distinguish patients with low malignant potential from those with higher ones. In this study 32 cases of SCLC, 13 of WDNEC and 14 of TC with a follow-up time up to 7 years were collected. Sections 4 µm thick from paraffin embedded tissue were Feulgen stained. By means of high resolution image analysis 100 nuclei per case were randomly gathered to extract morphometric, densitometric and textural quantitative features. To investigate the ploidy status of the tumour the corrected DNA distribution was calculated. Stepwise linear discriminant analysis to differentiate the classes and Cox regression analysis for the survival time analysis were applied. Using chromatin textural and morphometric features in two two-class discriminations, 11 of the 14 TC cases and 8 of the 13 WDNEC cases were correctly classified and 11/13 WDNEC cases and 28/32 SCLC cases, respectively. The WDNEC cases are more similar in chromatin structure to TC than to SCLC. For the survival analysis, only chromatin features were selected to differentiate patients with better and worse prognosis independent of staging and tumour type.
Neuroendocrine tumours (NET) of the lung are divided in subtypes with different malignant potential. The first is the benign or low-grade malignant tumours, well-differentiated, called typical carcinoids (TC) and the second is the highgrade malignant tumours, poorly differentiated of small (SCLC) or large cell type (LCLC). Between these tumour types lies the well-differentiated carcinoma with a lower grade of malignancy (WDNEC). In clinical routine it is very important with regard to prognosis to distinguish patients with low malignant potential from those with higher ones. In this study 32 cases of SCLC, 13 of WDNEC and 14 of TC with a follow-up time up to 7 years were collected. Sections 4 µm thick from paraffin embedded tissue were Feulgen stained. By means of high resolution image analysis 100 nuclei per case were randomly gathered to extract morphometric, densitometric and textural quantitative features. To investigate the ploidy status of the tumour the corrected DNA distribution was calculated. Stepwise linear discriminant analysis to differentiate the classes and Cox regression analysis for the survival time analysis were applied. Using chromatin textural and morphometric features in two two-class discriminations, 11 of the 14 TC cases and 8 of the 13 WDNEC cases
Introduction
In industrial countries lung cancer is the most frequent cause of death for men and women. The overall 5-year survival rate is now 15%. The most important risk factor is smoking, followed by chemically noxious substances (asbestos, arsenic, uranium, etc.) and genetic factors [34] .
The malignant potential of neuroendocrine tumours varies considerably. Benign or low by grade malignant, well-differentiated tumours, called typical carcinoids (TC) or well differentiated neuroendocrine tumours (WDNET) [7, 19] low-grade malignant, welldifferentiated carcinoma (WDNEC) or 'atypical carcinoids' and high grade malignant, poorly differentiated carcinoma from large or small cell type (SCLC) are histologically clearly defined [10, 15, 27, 28, 34, 38, 39, 41] . The treatment schemes for the different tumour types are the complete resection of the tumour in case of TC and WDNEC, followed, in some cases, by an adjuvant chemo-or radiotherapy. For SCLC different therapy schemes are applied: surgery, chemoand radiotherapy in combinations. Patients with typical carcinoid tumours have an excellent prognosis (lethal rate 5-15% within 5 years), whereas patients suffering SCLC have only a poor prognosis [4, 9, 33, 38] . In general the histopathological distinction of both these tumour types should not cause difficulties for pathologists. However, for patients with a WDNEC their individual prognosis is difficult to predict. Recognized prognosis factors until now are the staging and histological type. Additional independent factors for different subtypes of carcinomas could be grading, oncogenes (K-ras, c-Myc, n-Myc), CEA, MIB 1, AgNOR, p53, c-erB-2 and ploidy. Examples of studies in these fields are given in [4, 5, 8, 9, 11, 20, [22] [23] [24] 29, 30, 33, 37] . However the results are not yet always convincing. They have to be validated in further studies. Investigations by means of high resolution image analysis from sections using chromatin features are not yet published.
Material and methods
Formalin-fixed and paraffin-embedded sections of 32 cases of SCLC, 13 cases of WDNEC and 14 cases of TC were collected from clinical routine. Resection material was obtained from all operated patients and endoscopic biopsies were available from some SCLC cases. The 4 µm thick sections were stained according to our Feulgen procedure. In brief: The slides were fixed in 70% ethanol for 15 min. and subsequently stained (hydrolysis: 5 N HCl, 22
• C, 30 min; Schiff reagent: 1 h) [1] .
Clinical data
For most of the patients the complete clinical data: tumour stage at time of diagnosis, therapeutic strategy, age, sex and the follow up time were available. In Table 1 these data are listed separately for each tumour class. Patients who died of surgical complications within one month were excluded from this study. All patients with TC were only underwent surgery, whereas the others had an adjuvant therapy (chemoor/and radiotherapy) as well. All SCLC cases were also classified in an oat-cell type (cytoplasm only present marginally) or in an intermediate-cell type (cytoplasm more prominent, larger polygonal cells). There is no known validated difference between these histological subtypes in terms of prognosis.
Data acquisition
About 100 single tumour cell nuclei and 20 leukocytes (for DNA standardization) per slide were randomly selected in the tumour area with an Axiomatmicroscope (Zeiss, Oberkochen, Germany), equipped with a TV-camera (Bosch, T1VK9B1, Stuttgart, Germany, 128 × 128 pixels). The cells were scanned in transmission with a 100× objective (oil immersion, numerical aperture 1.3) using an optical narrow band filter of 548 nm wavelength. The pixel distance was 0.25 µm, and the nominal grey value resolution was covered by 256 channels [12] . Processing of digitized images was carried out using a VAX 4000-500 processor (Digital, Maynard, USA) with software written in idl (Interactive Data Language, RSI, Boulder, CO, USA). Each nuclei was focused individually at its border to maintain reproducibility. A shading correction was performed to eliminate systematical errors related to the light or optical conditions. For feature extraction nuclei were segmented automatically under visual control and interactive improvement when necessary. Morphological, densitometrical and textural features were calculated using the extinction or optical density image which was derived from transmission image [31] . Features like mean, standard deviation, coefficient of variation and range were calculated from the histogram of the measured nucleus as well as from bright and dark particle regions inside the object which were automatically segmented [13, 31] . For the latter a grey scale skeleton was applied on the extinction image (upper skeleton) and on its inversion (lower skeleton), which delivers the partitions into regions around dark and bright particles. The skeleton is calculated by a watershed algorithm. For chromatin distribution features, several transformations were obtained by using linear and non-linear filtering such as Roberts gradient, Laplace transform and the flat texture image (difference between extinction image and median filtered one), local fractal and multi-fractal dimensions, topographical gradient, the difference of upper and lower skeleton (a topographical gradient), and statistical features from runlength and co-occurrence matrix [26, 32, 40, 42] . These textural features are derived from pattern recognition methods.
For classification only those features were offered which were shown to be nearly independent of staining intensity and of the specimens thickness [16, 32] . The remaining feature set contained about 60 variables. A total of 3513 tumour nuclei of SCLC, 1482 of WDNEC and 1632 of TC were measured. The features used are briefly described in the Appendix.
For investigation of the relevance of features for prognosis, the mean value, median and the CV of each feature per specimen were calculated. For those MV, MED or CV is given in parenthesis.
DNA-features
Although all specimens have been cut in to 4 µm slices their true thickness was measured by a laser scanning microscope at five locations per specimen. The mean thickness for all specimens was 6.3 µm (±1.9 µm, range: 2.5-11 µm). For each tumour cell and leukocyte, the area and the mean optical density were calculated and from these the integrated optical density was calculated. Due to the slicing problem of nuclei in histological sections, the integrated optical density was corrected by the thickness of the specimen. The formulae are given in Haroske et al. [17, 18] . To normalize the IOD-histogram in c-values the lymphocyte peak of IOD was set to 80% of 2c, due to the underestimation (non-stoichiometric Feulgen reaction of dark/pynotic nuclei) of the lymphocytes in sections [1] . The tumour cells were normalized according to this factor. The normalization procedure is correct for round objects. Nevertheless this was performed for all nuclei for the DNA distributions for stemline ploidy and proliferation. In Fig. 1 some typical DNA distributions are shown for the three classes. From the DNA distribution the mean value, 5c-exceeding rate, entropy and 2c-deviation index were calculated to test the correlation of the three classes and of prognosis [2, 3, 14, 35, 36] . These features are only slightly influenced by small standardization errors. 
Statistics

Discrimination on the cell level
The statistical evaluations were done using SAS (SAS Institute, Inc., Cary, NC, USA) and BMDP (Statistical Software Inc., Los Angeles, CA, USA) program packages. All nuclei from specimens of the same clinical samples were pooled and the classifier was designed in two-class stepwise linear discriminate analyses. Out of the evaluated feature set only those features were used in the classification steps which are univariately significant. Up to 10 features were stepwise selected either accepted for the succeeding hold-one-out classification or the procedure was stopped due to a non-significant F -value. The value for the first selected feature is the univariate one whereas the following Fvalues are multivariate reflecting the impact of results after using this feature together with the already selected features. For each specimen, the mean of the a posteriori probability (APOP) distribution of the corresponding cells was calculated. For the specimen classification, this APOP value and the double standard error of the mean (SEM) were used. A specimen was classified into that class with the highest APOP value only if the mean APOP ± SEM did not cut a threshold (THR) which was set as the border between the two classes (APOP = 0.5). Cases with THR∈{APOP ± 2SEM} were considered as unclear [6] . The significance for the specimen classifications was calculated using contingency tables without defining unclear cases.
Prognosis
For all discrete features the Kaplan-Meier curves were plotted to find the best strata for the Cox regression analysis which is sensitive for decrease or increase of feature values with survival time [21] . Different defined classes with comparable survival curves were pooled by visual inspection. Then after optimizing the strata all features were tested by means of the Cox regression analysis [25] , first univariate then multivariate. To demonstrate the importance of a multivariate analysis, Kaplan-Meier curves for different strata and individual survival curves for patients were plotted.
All statistical evaluations were considered to be significant at the 95% level.
Results
DNA-ploidy
The DNA-distributions were classified into three classes: stemline near-diploid non-proliferating (limited to cells outside 2c-peak), stemline near-diploid proliferating and clear aneuploid distribution (Table 2 ) [14] . A higher percentage of aneuploid DNA distributions are found in the SCLC cases than in both the other tumour types. However a clear association cannot be seen, in all three classes in which diploid and aneuploid distributions are present. The DNA parameter entropy, 5c-exceeding rate, mean value and 2c-deviation index are only significant for the discrimination of SCLC with TC and WDNEC, respectively (Table 3). 
Discrimination of SCLC and WDNEC
The cells of SCLC and WDNEC were pooled, and the stepwise linear discriminant analysis was applied. The most discriminating features were HUCV, P and M3, which demonstrates the importance of chromatin texture and shape of the nuclei. HUCV reflects a more balanced distribution of heterochromatin, segmented by means of their topographical arrangement by watershed (for feature description see appendix). In The subsequent specimen classification led to 11/13 correct classification (84.6%) for WDNEC and 25/32 (78.1%) for SCLC, respectively. Seven cases remained unclear. Without unclear decisions two WDNEC cases and four SCLC case were incorrectly classified (Table 4). The significance of the result was p < 0.0001. For demonstration of the specimen classification results the APOP value of each specimen ranked according to its value is given in Fig. 3. 
Discrimination of TC and WDNEC
The cell classification rate was for the TC 63.6% and 65.3% for WDNEC. 9/14 TC patients (64.3%) and 8/13 WDNEC patients (61.5%) were correctly classified. Four cases were incorrectly classified, the rest was unclear. Without defining the unclear class three TC cases and five WDNEC cases remained in the other class. The result is significant for p < 0.05. The most important features were DCV (variation of density of dark particles), P and CO14, which again demonstrates the importance of chromatin and shape (Table 5) . 
Discrimination of TC and SCLC with testset WDNEC
To investigate whether nuclei of WDNEC cases are more similar in the chromatin structure and/or shape to TC or SCLC, the discrimination was calculated using TC and SCLC nuclei only. In this case HUCV, P and RL4 were the most important features. The overall correct classification rate was 81.8%. Using the class WDNEC as a testset, 927 nuclei (62.6%) were classified into TC and 555 into SCLC. The specimen classification step led to three cases classified as SCLC and eight cases as TC, the remaining two remained unclear. Without unclear decisions these two cases were classified as TC. This result demonstrates that most cases of the WDNEC in our study have a chromatin structure more similar to TC. The results are given in Table 6 and Fig. 4 .
Discrimination of oat-cell type carcinomas (OAT) and intermediate-cell type (ITM) in case of SCLC
All cases of SCLC were additionally classified in types of intermediate or oat cells. By means of the chromatin features HUNO, HUEULER and RFM1 an overall cell classification rate of 67.5% could be achieved. 11/16 cases of ITM and 12/16 cases of OAT were correctly classified (p < 0.05). 
Survival analysis
Stepwise Cox regression analysis was applied to search for the features that correlated best with survival time. Only those features that were univariately significant are given have. The DNA parameters are correlated at p < 0.001. The clinical parameters such as histological type, pT, pN and pM are, as expected, highly significant, but sex and age of the patients are not. However, the clinical data were not included in the survival analysis and neither cases were with unknown patient's data, e.g., if the material was collected before surgery.
Five chromatin features were selected in case of survival analysis which led to the Cox variable: To demonstrate the efficiency of the results, three Kaplan-Meier survival curves were plotted (Fig. 5) . In the first strata 15 patients with the lowest values of the Cox variables are pooled, in the third strata those of 14 patients with the highest values. The remaining cases are in the second curve. The Wilcoxon test led to a significance of p < 0.0001. In the strata with the worst prognosis all 14 patients died within 20 months. In Fig. 6 individual survival curves for four patients were plotted together with the mean survival curve.
Discussion
In the last decades high resolution image cytometry and histometry has become an established tool in the investigation of different problems in clinical routine. Most efforts were dedicated originally to the cervical field, followed by breast carcinoma, bladder and other tumour types from different sites. In this study we used neuroendocrine lung tumours to demonstrate that textural and morphometric features, evaluated by means of high resolution image histometry, are useful to distinguish nuclei from different tumour types as well as to correlate them with the survival time of the patients.
Most of the publications using parameters derived from DNA distributions were done by means of flow cytometry. The shortcomings of this method are well known, e.g., the measurement of doublets and artefacts. However, in histometry the accuracy of DNAdistributions is also questionable due to the cutting problems of the cell nuclei with different shapes. Stereology-based algorithms were developed to recalculate the real distributions but they are not well applicable in all cases [17] . In our study, two of the 14 TC have a clear aneuploid DNA distribution whereas the others are near diploid with 5c-exeeding rates under 2%. This is in accordance with the investigations given in the summary in [34] with 80% euploid tumours. The percentage of euploid tumour types for WDNEC is much higher (11/14) than one can find in the literature (≈20%). The 5c-exceeding rates are below 2% except in two cases with 6%. The DNA-distributions of the SCLC differ from non-proliferating euploid types to high-proliferating aneuploid ones. The calculated DNA-parameters are significant for the discrimination of SCLC from both of the other classes, but however are not significant for TC and WDNEC.
In some publications using flow cytometry, significant results were found using ploidy index and proliferation activity as predictor for aggressive behaviour in lung carcinomas [8, 9, 11, 29, 37] . However, the results are difficult to compare due to the different selection of lung cancer types [27] . Some of the authors concentrated on the non-small cell lung carcinomas, others investigated only cases with comparable stage or small cell carcinomas.
Only in some studies was the relevance of immunocytochemical staining already investigated in different lung cancer specimens. Significant results were found in cases of non-small cell cancer. MIB 1, Ki-67, bcl-2 and PCNA were inversely correlated with survival time [5, 33] .
Our results, concerning the differentiation of different tumour types, are promising and correct specimen classification rates of 70.3% for TC and WDNEC cases and 86.7% for WDNEC and SCLC cases could be achieved by means of chromatin texture and shape features. Comparable results have not yet been published.
By means of Cox regression analysis, subgroups of patients with different survival times can be separated using the chromatin patterns of the cell nuclei. In addition for each patient an individual survival curve can be evaluated and plotted according to an adaptive treatment scheme. This can be done even before surgery on the condition that a biopsy is available.
The largest drawback using high resolution image analysis in clinical routine is still the necessary amount of manual interaction for a clear segmentation of the nuclei. For each case about 45 minutes are needed for measuring and thresholding. However, there are several ongoing research projects in different laboratories to establish less time consuming (more automatic) segmentation methods.
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Appendix. List of features and short description
Quantitative features are mostly derived from transformed extinction data in certain sub-regions of the nuclear region. They are identified by mnemos 
